Introduction
Ribonucleotide reductase (RNR) catalyzes the rate-limiting step in the synthesis of the dNTPs that are required for both DNA replication and repair. The enzymatically active RNR complex is typically described as a heterotetramer consisting of two R1 and two R2 subunits (Nordlund and Reichard, 2006) . In mammalian cells, the expression of the R2 subunit at the highest level occurs during the S phase, while the level of the R1 subunit remains relatively constant throughout the cell cycle (Engstrom et al., 1985) . Therefore, the S phase-specific elevation of the R2 subunit leads to a marked increase in RNR activity required for replicative DNA synthesis (Eriksson and Martin, 1981) . p53R2, a p53-inducible homolog of the R2 subunit, has been shown to play an important role in the synthesis of dNTPs designated for DNA damage repair (Tanaka et al., 2000) . However, it is unclear how the majority of cancer cells with compromised p53 function to provide dNTPs for DNA repair. Studies in our laboratory and that of others have provided evidence that the R2 subunit is also able to provide dNTPs for DNA repair when the p53-dependent induction of p53R2 is impaired (Lin et al., 2007; Lin et al., 2004; Zhou et al., 2003) .
Cisplatin and other platinum-containing derivatives (i.e., carboplatin and oxaliplatin) are effective and widely-used chemotherapeutic agents in the treatment of a broad range of malignancies, including ovarian, cervical, testicular, and non-small cell lung cancer (Wang and Lippard, 2005) . Cisplatin binds to the N7 positions of two adjacent purine bases in one strand of the DNA and forms 1,2-d(GpG) or 1,2-d(ApG) intrastrand crosslinks comprising about 90% of the total lesions (Fichtinger-Schepman et al., 1985) . It is believed that these major adducts are largely responsible for the cytotoxic and anti-proliferative activities of cisplatin (Siddik, 2003) .
Thus, an increase in the ability of cancer cells to repair and/or tolerate cisplatin-induced intrastrand crosslinking lesions is attributed to the phenotypes of intrinsic and acquired resistance to this agent. Nucleotide excision repair (NER) has long been considered a primary mechanism for the repair of cisplatin-induced DNA crosslinks (Sibghatullah et al., 1989) . The This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 29, 2011 as DOI: 10.1124 at ASPET Journals on April 1, 2017 molpharm.aspetjournals.org Downloaded from process involves dual incision on both sides of the damaged strand, filling of the resulting single strand gap, and ligation (Mu et al., 1996) . Emerging evidence has demonstrated that homologous recombination repair (HRR) also plays a role in the repair of DNA lesions caused by cisplatin and cells defective in components of HRR pathways are sensitive to cisplatin (Bhattacharyya et al., 2000; Zdraveski et al., 2000) . HRR is necessary to repair double-strand breaks (DSBs) associated with stalled or collapsed replication forks (Arnaudeau et al., 2001 ).
However, it is still unsettled whether cisplatin-intrastrand crosslinks directly cause replication fork stalling and collapse. Contradictory evidence has shown that cisplatin-intrastrand crosslinks can be replicatively bypassed through the mechanism of translesion synthesis (TLS).
TLS is mediated by specialized low-fidelity polymerases that are able to incorporate nucleotides opposite lesions in an error-prone and mutagenic manner (Friedberg et al., 2002) .
The tumor suppressor p53 is altered genetically and functionally at high frequency in a variety of human malignancies (Vogelstein et al., 2000) . Wild-type p53 functions to maintain genomic integrity by triggering cell cycle arrest, apoptosis, and DNA repair in response to genotoxic and other stresses (Vogelstein et al., 2000) . For cell cycle control, activated p53 induces the expression of p21 and 14-3-3 σ to stably block G1/S and G2/M transitions, respectively, until DNA damage is repaired (Taylor and Stark, 2001; Vogelstein et al., 2000) .
Furthermore, mounting evidence indicates that wild-type p53 prevents replication-associated DSBs and suppresses spontaneous homologous recombination (Janz and Wiesmuller, 2002; Kumari et al., 2004; Mekeel et al., 1997) . Therefore, p53-compromised cancer cells are likely to implement HRR to counteract an increase in the burden of DNA damage during the S phase.
Whether HRR activity in these cancer cells constitutes the determinant of chemotherapeutic or other DNA-damaging sensitivity requires further investigation.
In the present study, we determined the effects of a reduced level of the R2 subunit on DNA repair processes, based upon our previous findings that the presence of excess R2 subunits in p53-deficient HCT116 human colon cancer cells protects against the genotoxic and This article has not been copyedited and formatted. The final version may differ from this version.
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6 cytotoxic effects of cisplatin. We now present evidence that excess R2 subunits function to promote NER of cisplatin-induced primary DNA lesions in the G2/M phase of the cell cycle.
Thus, a reduced level of the R2 subunit predisposes p53-deficient cancer cells to increase dependency on HRR of secondary lesions incurred in the subsequent S phase transition.
These findings have clinical implications in treating human malignancies using RNR inhibitors in combination with platinum-based chemotherapy.
This article has not been copyedited and formatted. The final version may differ from this version. (pZZeomU6) and R2-sh/siRNA expressing (pZZeomU6-R2-siRNA) constructs, respectively; they were maintained in the selective marker Zeocin (Invitrogen, Carlsbad, CA) as described previously (Lin et al., 2004) . All cell lines were cultured in McCoy's 5A medium supplemented with 10% fetal bovine serum and penicillin-streptomycin antibiotics. Triapine (3-aminopyridine-2-carboxaldehyde-thiosemicarbazone) was developed and synthesized in our laboratory.
siRNA Transfection. Cells were plated in 6-well or 96-well plates, grown for 24 hr, and transfected with 50 nM siRNA using the Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's protocol. Transfected cells were incubated for appropriate times before assays. The control siRNA sequence used was 5'-GCGCGCUUUGUAGGAUUCGdTdT-3' (Lin et al., 2007) . The BRCA1 siRNA sequence used was 5'-UCACAGUGUCCUUUAUGUAdTdT-3' (Kim et al., 2007) . The ERCC1 siRNA sequence used was 5'-GGGAAUUUGGCGACGUAAUdTdT-3'. The Chk1-siRNA sequence used was 5'-GCAACAGUAUUUCGGUAUAdTdT-3'. siRNAs were synthesized by Dharmacon/Thermo Scientific (Lafayette, CO). Endoribonuclease-prepared siRNA (esiRNA) that targets XPA or XPG mRNA was purchased from Sigma-Aldrich (Saint Louis, MO).
Western Blotting. The procedure was performed as described previously (Lin et al., 2007; Lin et al., 2004) . Gel images were quantified by densitometry with ImageQuaNT software (Molecular Dynamics/GE Healthcare, Piscataway, NJ). Anti-R2 (E-16), anti-p53R2 (N-16), anti-ERCC1 (FL297), anti-BRCA1 (D-9), and anti-Chk1 (G-4) antibodies were purchased from Santa Cruz (Santa Cruz, CA). was from Sigma-Aldrich. Anti-γ-H2AX (Ser-139;
This article has not been copyedited and formatted. The final version may differ from this version. Promega, Madison, WI) was added to each well and the incubation was continued for an additional 2 hr at 37° C. The absorbance of soluble MTS tetrazolium formazan produced by viable cells was measured at 490 nm using a microplate reader.
Cell Synchronization. Cells were grown for 24 hr and then treated with 3 mM thymidine (Sigma-Aldrich) for 16 hr. Cells were then washed and gown in thymidine free growth medium for 8 hr. Cells were exposed to 1.5 mM L-mimosine (Calbiochem/EMD Biosciences), 3 mM thymidine, or 100 ng/ml of nocodazole (Biomole/Enzo Life Sciences, Plymouth Meeting, PA) for 16 hr to obtain synchronized cell populations of G1, S, and G2/M phases, respectively. Cells were then collected for western blotting, flow cytometry analyses, and dNTP measurements.
Because double thymidine blocks for obtaining S phase-enriched cell populations interfered with the dynamics of dNTP pools, the second thymidine treatment was replaced with 2 μg/ml of aphidicolin (Calbiochem/EMD Biosciences) only for dNTP measurements.
Flow Cytometry. To determine DNA content, cells were collected by trypsinization and fixed/permeabilized with 70% ethanol for 1 hr and fixed cells were incubated with 1 mg/ml of RNase I at 37°C for 30 min, stained with 50 µg/ml of propidium iodide (PI; Sigma-Aldrich), and Quantification of dNTP levels. Cellular deoxyribonucleoside triphosphates were quantified using an enzymatic assay based upon the DNA polymerase-catalyzed incorporation of deoxyribonucleotides into DNA as described previously (Lin et al., 2007; Lin et al., 2004) .
Approximately 1 x 10 6 cells were collected for the assay.
Host Cell Reactivation Assay. The pGL3-control plasmid was treated with cisplatin at concentrations of 0, 0.5, 1, and 2.5 μM in a reaction buffer (3 mM NaCl, 1 mM sodium phosphate, pH 7.4) and incubated at 37°C for 18 hr. The plasmid was then purified by ethanol precipitation and resuspended in TE buffer. Cells were grown in 12 well plates for 24 hr and then transfected with 0.01 μg of pRL-TK plasmid together with 0.1 μg of cisplatin-damaged pGL3 plasmid per well using the Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's protocol. For co-transfection with siRNA, 50 nM siRNA was used along with the plasmids. Transfected cells were incubated for 48 hr and then assayed for both firefly (pGL3; Promega) and Renilla (pRL-TK; Promega) luciferase activities using the Dual-Luciferase
Reporter Assay system (Promega) and a luminometer (Turner Designs, Sunnyvale, CA). Firefly luciferase activity was normalized against Renilla luciferase activity to correct for the transfection efficiency in each well. Relative luciferase activity was expressed as a percentage of the activity in each cell line transfected with non-cisplatin-treated pGL3 plasmid. Transfection of cells with cisplatin-damaged plasmid had no effect on cell viability.
Sister Chromatid Exchange (SCE) Assay. Cells were pulsed with 10 μM cisplatin for 1 hr and then exposed to 10 μM BrdU for 40 hr. During the last 2 hr of BrdU treatment, colcemid and dropped onto slides. Slides were dried, stained with 0.5 μg/ml of Hoechst 33258 (Invitrogen), and exposed to UVA light. Subsequently, slides were incubated in 2 x SSC at 62°C, stained with 4% Giemsa (Invitrogen), and then air-dried. Metaphase spreads were viewed by light microscopy and images were taken for analyses. Forty-two metaphase spreads were scored for SCEs per data point. 
DNA Repair Incorporation

Results
Loss of p53 leads to enhancement of cisplatin-induced γ-H2AX and Chk1 activation in HCT116 cells. Given that wild-type p53 is required to induce cell cycle arrest at G1/S and G2/M transitions (Taylor and Stark, 2001; Vogelstein et al., 2000) , the effects of p53 ablation on cisplatin-induced DNA damage response, including phosphorylation of histone H2AX and checkpoint kinase 1 (Chk1), were determined. Radiation-and DNA damaging agents-induced DSBs trigger phosphorylation of H2AX at Ser-139 (γ-H2AX) (Furuta et al., 2003; Rogakou et al., 1998) . Concurrently, Chk1 is phosphorylated at serine-317 and 345 to mediate the activation of S and G2/M checkpoints (Zhao et al., 2002) . Our results show that treatment with cisplatin induced p53R2, a p53-inducible analog of the R2 subunit, in p53(+/+) but not in p53(-/-) HCT116 cells ( γ-H2AX at 6 hr followed by a decline at 12 hr ( Fig. 2A and B). A second pronounced increase in γ-H2AX occurred after 12 hr and continued to rise through 18 hr to the maximum level detected at 24 hr. In contrast, vector cells displayed only a slight increase in γ-H2AX at 18 hr and remained relatively low up to 24 hr. Unlike radiation that induces γ-H2AX within minutes (Rogakou et al., 1998) , cisplatin-induced γ-H2AX was gradual and the occurrence of maximal induction was evident after 18 hr. We have confirmed that the accentuated induction of γ-H2AX
at 24 hr is independent of apoptosis in R2-knockdown cells (Lin et al., 2007) .
To ascertain whether the cisplatin-induced increase in γ-H2AX occurred in a cell cycle phase-specific manner, the increase in γ-H2AX by cisplatin in each cell cycle phase of the population was determined by flow cytometry. Cells pulsed with BrdU were stained and gated for each population of the cell cycle phases. Treatment of R2-knockdown cells with cisplatin for 24 hr led to a concentration-dependent reduction in the G1 cell population. These G1 cells exhibited a minimal increase in the level of γ-H2AX (Fig. 2C) . However, the treatment caused a pronounced increase in the accumulation of S and G2/M populations with considerably elevated levels of γ-H2AX. These results collectively suggest that cisplatin-induced γ-H2AX/DSBs occur This article has not been copyedited and formatted. The final version may differ from this version. Depletion of BRCA1 causes enhancement of cisplatin-induced γ-H2AX and cytotoxicity in R2-knockdown p53(-/-) HCT116 cells. Since stable R2 knockdown caused an increase in the level of cisplatin-induced γ-H2AX/DSBs (Fig. 2) , we determined whether disruption of HRR by depletion of BRCA1 had differential effects on the sensitivity of R2-knockdown cells to cisplatin compared to vector cells. BRCA1, an important factor of HRR, interacts with Rad51 to promote the repair of DSBs (Bhattacharyya et al., 2000) . Transient transfection of p53(-/-) HCT116 cells with BRCA1-siRNA caused a considerable reduction in BRCA1 protein as confirmed by western blotting (Fig. 3A) . We also performed confocal microscopy to visualize the subcellular localization of γ-H2AX and BRCA1 and their physical interaction in response to cisplatin.
Following cisplatin treatment for 6 hr, BRCA1 foci predominately co-localized with γ-H2AX foci in the nucleus (Fig. 3B) . Depletion of BRCA1 abolished cisplatin-induced BRCA1 foci but had no effect on the formation of γ-H2AX foci, indicating that BRCA1 is subsequently recruited to the sites of cisplatin-induced DSBs for the repair process. To evaluate the overall intensity of incurred DNA damage and corresponding checkpoint activation, western blot analyses of the levels of γ-H2AX and Chk1 phosphorylation following cisplatin treatment for 24 hr were conducted. In vector cells, depletion of BRCA1 slightly increased cisplatin-induced γ-H2AX and Chk1 phosphorylation (Fig. 3C ). In contrast, BRCA1 depletion resulted in pronounced enhancement of cisplatin-induced γ-H2AX and Chk1 phosphorylation in R2-knockdown cells, suggesting that abrogation of BRCA1 function deters the repair of DSBs and exacerbates S and G2/M checkpoint activation.
Furthermore, we examined the effects of BRCA1 depletion on the sensitivity of R2-knockdown cells to cisplatin. Transient depletion of BRCA1 caused a moderate increase in the This article has not been copyedited and formatted. The final version may differ from this version. concentrations in vector and R2-silencing cells was 2.9-and 3.0-fold, respectively. Pulse treatment with cisplatin for 1 hr, which allowed cells to recover from DNA damage, also yielded similar profiles of sensitization by BRCA1 (Fig. 4B) . To substantiate the finding that the effects of impaired HRR and/or reduced RNR activity were unique to cisplatin-induced DNA damage,
we determined the sensitivity of cells to methotrexate, a thymidylate synthase inhibitor that abrogates thymidylate and replicative DNA syntheses (Bertino, 2009) . Since the inhibitory effects of methotrexate on DNA synthesis are independent of RNR, both vector and R2-knockdown cells manifested similar sensitivity to methotrexate and became equally sensitized by BRCA1 depletion (Fig 4C) . The large sensitization by BRCA1 depletion may be due to the fact that methotrexate-induced thymidylate stress causes DSBs and increases HR activity (Mishina et al., 1991) . Finally, we also demonstrated that neither BRCA1 depletion nor R2 knockdown produced discernible effects on the sensitivity of these cells to cycloheximide, a protein synthesis inhibitor (Fig. 4D ). These findings suggest that R2-knockdown p53(-/-) cells are subject to greater sensitization to cisplatin by BRCA1 depletion or HRR impairment.
R2-knockdown p53(-/-) HCT116 cells exhibit an increase in HRR of cisplatin-induced DNA
damage. To further determine whether stable R2 knockdown had effects on the use of HRR to contend with cisplatin-induced DNA damage, we performed confocal microscopy to assess the cisplatin-induced formation of nuclear foci of HRR complexes consisting of Rad51. Rad51 is a nuclear recombinase required for the process of homologous pairing and strand exchange during the repair of DSBs (Baumann and West, 1998 knockdown cells exhibited a slight elevation in the basal level of Rad51 foci and a pronounced increase in cisplatin-induced Rad51 foci in the nuclei ( Fig. 5A and B) .
To substantiate the findings of an increase in Rad51 foci formation, we ascertained whether the frequency of SCE, which is indicative of HRR of cisplatin-induced DNA lesions, was also elevated in R2-knockdown cells. SCE occurs as a result of repair by HR for collapsed replication forks during normal replication or DNA strand damage (Sonoda et al., 1999) . It also reflects the outcome of a successful HRR process because only surviving cells that undergo mitosis are examined and scored for SCE. Vector and R2-knockdown cells had a comparable level of basal SCE in the absence of exogenous DNA damage ( Fig. 5C and D) . In both vector and R2-knockdown cells, treatment with cisplatin caused a marked increase in SCE, with a noticeably greater level being observed in R2-knockdown cells. Given that Chk1 is required for HRR (Sorensen et al., 2005) , the results of Rad51 foci formation and SCE assays are consistent with enhanced Chk1 phosphorylation in R2-knockdown cells (Fig. 3C ) (Lin et al., 2007) , suggesting that stable knockdown of the R2 subunits leads to an increase in the use of HR to repair cisplatin-induced DNA lesions in p53-deficient cells.
R2-knockdown p53(-/-) HCT116 cells exhibit reduced NER of cisplatin-induced DNA
damage. Because cisplatin-DNA intrastrand crosslinks can be effectively repaired by NER, we first determined the effects of depletion of ERCC1, a key factor of NER, on the accumulation of cisplatin-induced γ-H2AX. ERCC1 complexes with XPF to mediate the 5'-incision at cisplatinintrastrand crosslinks in the excision step of NER (Mu et al., 1996) . Transfection of p53(-/-) HCT116 cells with ERCC1-siRNA caused a substantial reduction in ERCC1 protein as shown by western blotting (Fig. 6A) . In contrast to BRCA1, depletion of ERCC1 attenuated the levels of cisplatin-induced γ-H2AX in both vector and R2-knockdown cells (Fig. 6B) . We ascertained whether abrogation of other key components of NER required for the incision step produced
This article has not been copyedited and formatted. The final version may differ from this version. (Cleaver and States, 1997) . Similar to ERCC1, abrogation of XPA or XPG also attenuated cisplatin-induced γ-H2AX in R2-knockdown cells (Fig. 6C) . These findings suggest that damage-recognition and excision steps of NER are required to elicit the accumulation of γ-H2AX caused by cisplatin.
To assess whether stable R2 knockdown affected the efficiency of NER of cisplatininduced DNA lesions, we performed host cell reactivation assays for the recovered transcriptional activity of cisplatin-damaged luciferase reporter plasmid transfected into intact cells. Both vector and R2-knockdown cells exhibited a decrease in reactivated luciferase activity as the cisplatin concentration increased (Fig. 6D ). R2-knockdown cells exhibited relatively lower levels of reactivated luciferase activity than those of vector cells. To corroborate the finding that R2-knockdown cells had a reduced NER activity, we co-transfected cells with ERCC1-siRNA and cisplatin-damaged reporter plasmid to determine the recovery of luciferase activity. Depletion of ERCC1 resulted in a decrease in reactivated luciferase activity in vector cells but had no effect on R2-knockdown cells (Fig. 6E) . In this assay, the effects of R2 knockdown are presumably epistatic with those of ERCC1 depletion in disrupting the NER pathway. Thus, the results suggest that stable knockdown of the R2 subunit causes a decrease in the capacity of intact cells to perform NER of cisplatin-induced DNA damage to the reporter plasmid.
Since cells in the G1 phase are devoid of RNR activity to prevent premature onset of DNA replication (Chabes et al., 2003) , we postulated that stable knockdown of the R2 subunit decreased RNR activity in the G2/M phase and thus impeded the gap-filling synthesis step of NER. To test this hypothesis, we performed flow cytometry analyses to determine the incorporation of EdU into the G2/M cell population indicative of DNA repair synthesis. Cisplatin
This article has not been copyedited and formatted. The final version may differ from this version. treatment produced a concentration-dependent increase in EdU incorporation in the G2/M populations of both vector and R2-knockdown cells (Fig. 6F ). R2-knockdown cells displayed considerably lower levels of cisplatin-induced EdU incorporation than did vector cells. In contrast, there was no difference between vector and R2-knockdown cells in cisplatin-induced EdU incorporation in the G1 phase (data not shown). These results suggest that, while the excision step of NER remains functioning, stable knockdown of the R2 subunit hinders gapfilling synthesis following the excision of cisplatin-intrastrand crosslinks in the G2/M phase of the cell cycle.
Stable knockdown of the R2 subunit reduces the dATP level in the G2/M phase of the cell cycle. To determine the effects of stable knockdown of the R2 subunit on dNTP levels in each of cell cycle stages, we measured dNTP levels in cell populations enriched for the G1, S, and G2/M phases (Fig. 7A) . Cells enriched for the S phase displayed a prominent increase in the R2 subunit, with the level in R2-knockdown cells being considerably attenuated ( Fig. 7B and C) .
In vector cells, the levels of the R2 subunit in G1 and G2/M cells were also higher than those in R2-knockdown cells. In contrast, the levels of the R1 subunit were comparable between vector and R2-knockdown cells and remained relatively constant throughout the cell cycle. p53R2 was basally expressed in the G1 and S phases, with the levels being lowest in the G2/M phase.
In line with the levels of the R2 subunit, there were 59-and 30-fold increases in dATP levels, and 4.1-and 2.6-fold increases in dGTP levels in the S phase compared to the G1 phase in vector and R2-knockdown cells, respectively (Table 2 ). In contrast, dCTP and dTTP levels showed minimal changes (0.6-and 1.0-fold, respectively, in both vector and R2-knockdown cells). The levels of dATP and dGTP in G1 cells were markedly low (Fig. 7D) , indicating a depressed RNR activity to prevent replicative DNA synthesis. In the G2/M phase, the level of dATP was 23-and 9-fold greater than that of G1 cells in vector and R2-knockdown cells, respectively. The changes in levels of dGTP, dCTP, and dTTP in the G2/M phase were 2.0-, This article has not been copyedited and formatted. The final version may differ from this version. 
Discussion
Cisplatin produces mostly intrastrand crosslinks in DNA and therefore imparts unique genotoxic and cytotoxic activities against cancer cells. Based upon our findings, we favor the concept that the major intrastrand crosslinks produce an excessive level of single strand gaps that subsequently cause lethality to G1 checkpoint-compromised, p53-deficient cancer cells.
Therefore, the efficiency of gap-filling synthesis in NER plays a crucial role in determining the sensitivity of these cells to cisplatin. Stable knockdown of the R2 subunit of RNR hinders this process and sensitizes p53(-/-) HCT116 cells to cisplatin. However, we cannot completely rule out the possibility that the minor adducts of interstrand crosslinks are also lethal lesions contributing to the therapeutic efficacy of cisplatin. Interstrand crosslinks produce direct obstruction of DNA replication which requires extensive and coordinated repair by NER, HRR, and TLS (Muniandy et al., 2010) . Each of these mechanisms is a prerequisite in sequential steps to complete the repair process. It is thus conceivable that a few interstrand crosslinks are sufficient to produce lethality in cells. While it is difficult to separate the lethal events produced by a mixture of cisplatin intrastrand and interstrand crosslinks, we have examined the sensitivity of p53(-/-) HCT116 cells to mitomycin C, an interstrand crosslinking agent. The results show that R2-knockdown cells exhibit a very minor enhancement of the sensitivity to mitomycin C compared to vector cells (data not shown). These findings support our assertion that cisplatininduced lethality is largely attributable to the major DNA adducts of intrastrand crosslinks.
Whether cisplatin-intrastrand crosslinks constitute physical barriers to replication polymerases and directly cause stalled/collapsed replication forks remains debatable.
Increasing evidence indicates that TLS plays an important role in the bypass of these DNA lesions for enhancing cell survival at the cost of an increased mutation frequency (Friedberg, 2005) . The cell line used in our studies, HCT116 cells, harbors an MLH1/mismatch repair deficiency that enhances replication bypass of cisplatin-induced lesions and contributes to increased resistance to cisplatin (Lin and Howell, 2006; Vaisman et al., 1998) . In addition, a
This article has not been copyedited and formatted. The final version may differ from this version. loss of p53 function is reportedly to promote TLS and increase the mutation frequency (Avkin et al., 2006; Lin and Howell, 2006) . We have found that cisplatin-induced impediment of S phase transition in synchronized cells does not occur until the second round of S phase transition (Supplemental Fig. 2 ). This phenomenon coincides with a delay in the accumulation of cisplatin-induced DSBs in R2-knockdown cells (Fig 2A and 2B ). These observations affirm that TLS-mediated replication bypass of primary cisplatin-intrastrand crosslinks is likely to occur during the first round of S phase transition in p53(-/-) HCT116 cells.
In mammalian cells, it is well known that S phase-specific elevation of the R2 subunit confers a marked increase in RNR activity to supply dNTPs for replicative DNA synthesis (Eriksson and Martin, 1981) . However, the role of the R2 subunit in post-replication repair synthesis remains scantily understood. We propose that excess R2 subunits impart RNR activity or surplus dNTPs available for DNA repair after completion of DNA replication. We have observed that the levels of purine dNTPs (dATP and dGTP) show the most prominent changes, corresponding to the demand of replicative DNA synthesis ( Fig. 7D and Table 2 ). In vector cells, the levels of the R2 subunit and dATP remain elevated in the G2/M phase and are considerably greater than those in R2-knockdown cells. In contrast, pyrimidine dNTP pools are relatively stable regardless of changes in the level of the R2 subunit. We speculate that the salvage pathway (Sandrini and Piskur, 2005) in p53(-/-) HCT116 cells is highly operative to supplement pyrimidine nucleotide pools independent of the cell cycle phases. Given that a larger overall dNTP pool is present in the S phase (Table 2) , there should be no difference between vector and R2-knockdown cells in the NER of damaged DNA during this period.
However, as cells enter the G2/M phase and the following G1 phase, purine dNTP pools become critically limited (Fig. 7D) . We propose that a significant reduction in the dATP level in the G2/M phase contributes to a decrease in the cisplatin-induced gap-filling synthesis of NER in R2-knockdown cells (Fig. 6F) . This assumption is supported by several lines of evidence that hydroxyurea treatment results in decreased purine dNTP pools, increased UV-induced single This article has not been copyedited and formatted. The final version may differ from this version. 22 strand breaks (Hunting and Dresler, 1985; Snyder, 1984) , and retarded lagging strand gap-filling DNA synthesis (Martin et al., 1977) . Our findings also demonstrate that treatment with Triapine, which is 1000-fold more potent than hydroxyurea, causes sustained and pronounced depletion of dATP and dGTP, while dCTP and dTTP are less affected and rapidly rebound to normal levels (Supplemental Fig. 3A) . A reduction of replicative DNA synthesis is correlated with the suppression of the dATP level (Supplemental Fig. 3B and C) . Furthermore, the very low levels of dATP in the G1 phase (Fig. 7D) correspond to the absence of replicative DNA synthesis during this period. These observations further strengthen the concept that dATP/purine dNTP pools critically govern the ability of cells to carry out repair DNA synthesis in the G2/M phases of the cell cycle.
Herein we provide evidence that, when the dATP/dNTP pool is limited by a reduced level of the R2 subunit, retarded post-excision process of NER (gap-filling synthesis) in the G2/M phase gives rise to an increased level of single-strand gaps in DNA. If the p53-mediated G1 checkpoint is compromised, these gaps are likely converted into DSBs when advancing replication forks collapse at these gapped lesions (Kuzminov, 2001) . Replication-associated DSBs are potentially lethal to cells that undergo active DNA replication and therefore require HRR to resume S phase progression (Arnaudeau et al., 2001; Lundin et al., 2003) . Based upon our findings, we propose the model of DNA repair pathways for cisplatin-induced DNA damage illustrated in Fig. 8 . HRR functions to complement NER when XPG and ERCC1-XPF mediated single strand gaps are excessive or not completely repaired prior to S phase entry. Therefore, stable knockdown of the R2 subunit renders p53-deficient cells increasingly dependent on HRR of cisplatin-induced DNA lesions.
Chk1 is phosphorylated by ATR to activate S and G2/M checkpoints in response to DNA damage and stalled replication (Liu et al., 2000) . Thus, Chk1 functions to prevent the replication of damaged DNA, thereby maintaining genome stability and enhancing cell survival (Bartek and Lukas, 2003) . We have found that R2-knockdown p53(-/-) HCT116 cells exhibit enhanced Chk1
This article has not been copyedited and formatted. The final version may differ from this version. phosphorylation, corresponding to an increase in γ-H2AX in response to cisplatin-induced DNA damage (Fig. 3C ). In addition, we have shown that the time course of induced Chk1 phosphorylation closely parallels that of γ-H2AX (Lin et al., 2007) . Because of a reduced NER capacity, enhanced Chk1 activation indicates that these cells encounter an increased level of replication-associated DNA damage and the impediment of cell cycle progression in S and G2/M phases. Interestingly, Chk1 has also been shown to interact with Rad51 to promote HRR of replication-associated DSBs (Sorensen et al., 2005) . These findings provide additional support to our conclusion that stable knockdown of the R2 subunit increases reliance on HRR of cisplatin-induced DNA lesions in p53-deficient cancer cells. are shown. D. The levels of dNTPs in the G1, S, and G2/M phases of the cell cycle. Cells synchronized at G1, S, and G2 phases were collected and assayed for the levels of dNTPs.
Values are the means ± SE from three independent experiments. * p<0.05, paired t test. This article has not been copyedited and formatted. The final version may differ from this version. Table 2 . Fold increases in dNTP levels in the S and G2/M phases compared to that in the G1 phase of the cell cycle in Vector and R2-knockdown p53(-/-) HCT-116 cells.
a The fold increase was calculated as the ratio of the dNTP levels in the S phase compared to that in the G1 phase.
b The fold increase was calculated as the ratio of the dNTP level in the G2/M phase compared to that in the G1 phase. 
